lsoflavonoids and steady-state mRNA levels of phenylalanine ammonia-lyase, chalcone isomerase, and isoflavone reductase were followed during a rapid, nearly synchronous infection of alfalfa (Medicago sativa L.) roots by the vesicular arbuscular fungus Glomus intraradices (Schenck & Smith) to test whether previously indicated suppression of the host defense response is regulated by changes in the steady-state mRNA level. Relative amounts of steadystate phenylalanine ammonia-lyase mRNA in the mycorrhizal roots doubled between d 14 and 18 and then immediately declined by 75% to reach and maintain a value lower than the control roots through d 21. Relative levels of chalcone isomerase mRNA in the inoculated roots increased 6-fold between d 14 and 17 and then decreased rapidly to the control level. lsoflavone reductase mRNA was not induced by mycorrhizal colonization. High-performance liquid chromatography, proton-nuclear magnetic resonance, and fast atom bombardment-mass spectrometry analyses showed consistent increases in formononetin levels and transient increases in medicarpin-3-Oglycoside and formononetin conjugates i n the inoculated roots when colonization began. As colonization increased, levels of formononetin conjugates declined in mycorrhizal roots below those i n uncolonized controls. Medicarpin aglycone, an alfalfa phytoalexin normally associated with pathogenic infections, was not detected at any stage. These findings supply detailed evidente that, during early colonization of plant roots by symbiotic Clomus, defense transcripts are induced and then subsequently suppressed.
Plants are exposed in nature to a wide range of potentially pathogenic fungi and bacteria. Microbial plant pathogens do not generally infect a plant successfully, either because the plant is not a host species or because it is resistant to the pathogen (Koes et al., 1994) . ln most cases plant resistance is associated with a hypersensitive response that is characterized by rapid, localized chemical defenses and death of plant cells surrounding the infection site (Meier et al., 1993) . Most of these responses are regulated at the level of RNA transcription (Collinge and Slusarenko, 1987; Dixon and Lamb, 1990 ). In such interactions, the pathogens are usually sensitive to plant defense mechanisms. Alfalfa (Medicago sativa) is a host for various funga1 pathogens (Graham et al., 1979) , and accumulation ' This work was supported in part by the U.S.-Israel Binational Agricultura1 Research and Development Fund (grant US-1884-90) .
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of the isoflavonoid phytoalexin medicarpin may be involved in resistance to these pathogens (Latunde-Dada and Lucas, 1985; Dixon, 1986) . The biosynthetic pathway of medicarpin is well defined (Phillips and Kapulnik, 1995) , and activity of severa1 enzymes involved is regulated at the level of RNA transcription (Dixon et al., 1992) . VA fungi are obligate symbionts that form mycorrhizae with alfalfa roots. Although pathogenic biotrophs generally exhibit a high degree of host specificity, VA fungi show little to none. Indeed, mycorrhizae occur in approximately 80% of a11 plants (Bonfante-Fasolo, 1987) , and VA fungi do not induce typical defense responses in host plants (Codignola et al., 1989) . Nevertheless, the normal pathogen-response proteins chitinase (Spanu et al., 1989) and peroxidase (Spanu and Bonfante-Fasolo, 1988) were detected in leek roots during early stages of colonization by VA fungi. Furthermore, soybean roots colonized by Glomus mosseae or Glomus fasciculatus accumulated more of the isoflavonoid phytoalexin glyceollin I than nonmycorrhizal roots (Morandi et al., 1984) . Faba bean roots infected with Glomus intraradices contained elevated levels of the nonflavonoid acetylenic phytoalexin wyerone, but the amounts did not reach those measured in host-pathogen interactions (Kape et al., 1992) . In other systems, VA mycorrhizal fungi apparently suppressed certain host defense reactions. For example, in long-term studies, endochitinase activity was lower in common bean roots 6 to 10 weeks after colonization by G. intraradices (Lambais and Mehdy, 1993) . A wider survey supplied evidence that a VA fungus, Glomus versiforme, suppressed the host defense response in two Medicago spp. (Harrison and Dixon, 1993) . In those experiments, relative mRNA ratios (standardized to rRNA) of IFR, but not PAL or CHS, in M . sativa and Medicago truncatula, were lower after 40 d in the presence of Glomus than in fungusfree plants. The relative ratio of IFR mRNA transcripts also declined in M . truncatula at d 13, but statistically significant changes were not claimed.
One problem in studying plant interactions with VA fungi is the absence of synchronous infection. These sym- (Hayman, 1982) , and arbuscules, which presumably are the organs where P and C are exchanged, develop and senesce continuously (Alexander et al., 1988) . Thus, because individual root segments can have a11 stages of the symbiotic interaction occurring simultaneously (Harrison and Dixon, 1993, 19941 , measurements of transcriptional and enzymatic activities produce mean tissue values and may obscure significant transient events that allow beneficia1 fungi to invade plant tissues. We minimized this problem by using a system that allows a massive, nearly synchronous infection of alfalfa roots by G. intraradices (Volpin et al., 1994) . Under those conditions colonization initiated and then suppressed a limited defense response at the enzymatic activity level (Volpin et al., 1994) . Here we report how those enzymatic changes related to transcriptional and biochemical events in the same tissue, which suggests that fungal suppression of a defense response occurs at the transcript level.
MATERIALS A N D METHODS

Plant Culture
Alfalfa (Medicago sativa L. cv Gilboa) seedlings were grown in sand under microbiologically controlled Xhizobium-free conditions as described previously (Volpin et al., 1994) . A11 plants received 8 mM NH,NO, and 0.2 mM KH,PO,. Before planting, a commercial inoculum containing spores of Glomus intraradices (Schenck & Smith) in an attapulgite clay carrier (Native Plant, Inc., Salt Lake City, UT) was layered 4 cm below the soil surface to supply 10 to 40 spores per seedling. To ensure that only VA fungi in the inoculum caused the reported phenomena, control carrier was prepared by wet sieving inoculum in sterile, distilled water through a 26-pm nylon mesh. The carrier control produced by that treatment contained solid particles, accompanying microorganisms and spore extracts, but no viable VA fungal spores. Control plants were grown in pots treated with the sieved carrier in the same manner as described for Glomus inoculation. Initial experiments showed that none of the differences in the parameters measured could be attributed to the nonmycorrhizal components of the inoculum (Volpin et al., 1994) .
At the time of each harvest, roots were immediately frozen in liquid nitrogen and kept at -70°C until assayed. Mycorrhizal colonization was estimated colorimetrically by measuring GlcN released from fungal chitin (Hepper, 1976 ). In the experiments described in this report we quantified changes in the apical portion (0-5 cm) of the roots. A11 assays were conducted in two or three replicates, and each replicate contained roots from four pots (400 seedlings). Analysis of variance tested for significant (P 5 0.05) differences, and when appropriate, SE values were calculated.
lsolation and ldentification of Flavonoids
Flavonoids were extracted from roots in 80% methanol, purified, and separated on a C,, HPLC column, using methanolic gradients and techniques described previously (Volpin et al., 1994) . One-dimensional proton-NMR and FAB-MS analyses were completed under standard conditions (Phillips et al., 1992) . All data were compared with previously published values or authentic standards. Formononetin-7-O-glucoside, formononetin, genistein, and biochanin A were purchased from commercial sources and purified by HPLC. Medicarpin 3-O-glucoside was isolated from mature alfalfa roots and used as a substrate for the enzymatic release of medicarpin (Sakagami et al., 1974) .
Preparation of RNA
Total RNA was extracted as described by Reddy et al. (1990) . RNA samples (5-10 pg) were separated by electrophoresis in formaldehyde gels and blotted on nylon membranes (Nytran, Dassel, Germany) (Sambrook et al., 1989) . RNA blots were hybridized with radioactively labeled ([32P]dCTP) cDNA probes from PAPAL1 (Gowri et al., 19911, pIFR alfl (Paiva et al., 1991) , and a 943-bp fragment of an alfalfa clone for CHI (McKhann and Hirsch, 1994) . A 1150-bp fragment of a tomato rRNA gene cloned in pUC8 (provided by E. Lifschitz, Haifa University, Haifa, Israel) was used as the control for loading. A11 probes were prepared using a random primer DNA-labeling kit (Boehringer Mannheim). Blots were hybridized for 14 h at 60°C in 5X Denhardt's solution, 5X SSPE, 1% SDS. Membranes were washed twice, 10 min per wash, in 2 x SSC, 1% SDS at room temperature and then twice, 15 min per wash, in 0.1 X SSC, 1% SDS at 60°C. Radiographs were scanned and analyzed by ImageQuant (Molecular Dynamics Personal Densitometer, Sunnyvale, CAI. Transcript levels were normalized with respect to the rRNA.
RESULTS
Colonization of Roots by VA Fungus
Under the conditions of these experiments, VA fungal infection was detectable as an increase in GlcN content of roots no later than 20 d after germination (Fig. 1) . In other experiments when samples were collected daily, initial increases in GlcN were detected on d 18 and 19 (Volpin et al., 1994) . Control plants treated with the sieved carrier inoculum were nonmycorrhizal and showed no increase in GlcN content (Volpin et al., 1994 roots was not affected during the experimental period by the presence of VA fungi (data not shown).
Levels of Transcript Accumulation
When total RNA was extracted from apical parts of alfalfa roots every 1 or 2 d, relative amounts of steady-state PAL mRNA in the mycorrhizal roots doubled between d 14 and 18, whereas the same parameter showed little change in nonmycorrhizal control roots (Fig. 2a) . Between d 18 and 19, the steady-state PAL mRNA level declined by 75% to reach and maintain a value lower than the control roots through d 21. Relative levels of CHI mRNA in the inoculated roots increased 6-fold between d 14 and 17 and then decreased rapidly to the control level (Fig. 2b) . During the same period, relative amounts of CHI mRNA in nonmycorrhizal control plants changed little. IFR mRNA was not induced by mycorrhizal colonization (Fig. 2c) . Steady-state mRNA levels measured during a longer period of time (d 16-35) for the same enzymes in a second experiment were consistent with these results (data not shown).
Isoflavonoid Identifications
HPLC chromatograms of root extracts showed eight isoflavonoid peaks (Fig. 3) . The presence of VA fungi was most evident by an increase in the major peak, 7, which was previously identified as formononetin (Volpin et al., 1994) . Peak 4, identified as a formononetin-7-O-glycoside (Volpin et al., 1994) , was also clearly present in these root extracts. Peaks 1, 2, and 3 produced UV-visible A spectra identical with authentic formononetin-7-O-glucoside and gave proton-NMR resonances comparable to those published previously for a formononetin-7-O-(6"-O-malonylglycoside) (Dakora et al., 1993) . Malonyl protons could not be detected in the solvent used in this study (Matern et 1983), but glycosyl protons were visible in a11 three compounds at 6 , = 3.6 to 3.4 ppm (4H, m, H-2"-5). In each compound, the key indicators of a 6"-O-linkage were the presence of glycosyl protons at 4.55 ppm (lH, d , J = 11 Hz, H-6"a) and 4.26 ppm (lH, dd, J = 6.7,11 Hz, H-6"b). Positive ion FAB-MS analyses produced a major ion at mlz = 269 (100%) and a moderate signal at m/z = 431 (25%) for the peak 1 compound. These values were consistent with MH+ values calculated for formononetin and formononetin-glucoside, respectively. Negative ion FAB-MS analyses of compounds in peaks 2 and 3 showed dominant molecular ions at mlz = 267, which supported the presence of formononetin MH-ions, but no larger ions were detected reproducibly. No evidence for malonyl was found in MS analyses of peaks 1, 2, or 3. When peak 1 was hydrolyzed in acid, the resulting compound co-chromatographed with formononetin. The small quantities of peaks 2 and 3 that were available prevented any further analyses. On the basis of these data it was concluded that peaks 1, 2, and 3 contained three formononetin-7-O-glycosides with unknown substituents conjugated to C-6". Peak 5 (Fig. 3 ) produced a UV-visible spectrum, proton-NMR resonances, and FAB-MS ions identical with those measured previously for a medicarpin-3-O-glycoside (Dakora et al., 1993) . It was concluded, therefore, that peak 5 contained a medicarpin-3-O-glycoside. The sugar moiety was not identified because of limited amounts of the compound.
Peaks 6 and 8 (Fig. 3) had UV-visible A spectra identical with genistein and biochanin A, respectively, and they co-chromatographed with authentic standards of those compounds.
lsoflavonoid Concentrations
Formononetin conjugates in root extracts (Fig. 3, peaks 1 , 2, and 3) showed no marked difference between inoculated and noninoculated roots during early stages of infection, except for a transient increase at d 21 (Fig. 4a) . Formononetin aglycone (Fig. 3, peak 7 ) was maintained at elevated levels in mycorrhizal roots through d 35 (Fig. 5a) . However, with increased colonization, the formononetin glycosides decreased significantly in the mycorrhizal roots (Fig.  5b) .
The phytoalexin medicarpin was below detectable amounts in both inoculated and noninoculated roots. The medicarpin glycoside levels increased during colonization only transiently at d 21 (Fig. 4b) . In another experiment at later stages, the medicarpin glycoside level declined in mycorrhizal roots and was maintained at a level lower than the control (Fig. 5c) . During early funga1 colonization minor amounts of genistein (10 ng/g fresh weight) and biochanin A (3 ng/g fresh weight were detected in roots. Later, colonized roots contained significantly higher concentrations than nonmycorrhizal roots ( p g / g fresh weight): e.g. d 30, genistein, 0.50 versus 0.25; biochanin A, 0.08 versus 0.04. The formononetin precursors 2',4,4'-trihydroxychalcone, 4',7-dihydroxyflavanone, and daidzein were not detected, nor were the intermediate products between formononetin and medicarpin, 2'-hydroxyformononetin and vestitone, observed.
DI SCUSSION
Results from this study support and significantly strengthen the concept that plants suppress a phytoalexin defense response during root colonization by VA fungi.
Previous indications of mRNA transcript suppression in the flavonoid pathway after Glomus infections (Harrison and Dixon, 1993) were extended by showing a very marked increase and then decline in relative steady-state mRNA levels of PAL and CHI during infection by G. intraradices (Fig. 2) . Relative PAL mRNA levels in particular, but also to a lesser extent the relative amounts of CHI mRNA, actually declined below those observed in the nonmycorrhizal roots. Despite the induction of PAL and CHI, steadystate IFR mRNA levels were not increased by the fungus (Fig. 2c) . This is in contrast to elicitor-treated alfalfa cell suspensions, in which both PAL and IFR transcripts are induced (Dixon et al., 1992) . The mRNA data explain previous changes in PAL and CHI enzymatic activity measured during Glomus infection (Volpin et al., 1994) and suggest that suppression of the normal host isoflavonoid phytoalexin defense response is mediated by changes in RNA transcription. Whereas suppression of plant defense responses by mycorrhizal fungi was claimed previously (Harrison and Dixon, 1993; Lambais and Mehdy, 19931 , the massive, nearly synchronous infections that occurred in our experimental system produced detectable molecular changes during the infection period (Fig. 2) .
Suppression of the plant defense response by a penetrating microorganism also has been reported in bacterial systems. Production of PAL, chalcone synthetase, CHI, and chitinase transcripts was suppressed in bean infiltrated with the compatible bacterium Pseudomonas syringae pv phaseolicola (Jacobek et al., 1993) . Thus, the strategy of suppressing plant defense response may be a general phenomenon used both by VA fungi and by other nonpathogenic microbes colonizing plants. The broad host range of VA fungi differs from the specificity of the biotrophic pathogens. In an incompatible interaction in which no disease symptoms develop, early molecular recognition events trigger the activation of host defense responses. In a compatible interaction, the pathogen either eludes or suppresses recognition and disease symptoms. Avirulence genes of the pathogens and resistance genes of the hosts are usually dominant, giving primarily unsuccessful interactions (Ellingboe, 1981) . In VA mycorrhizal interactions, the broad host range suggests that the compatible interaction is dominant. VA fungi may lack avirulence homologs, or the factor causing suppression of the host defense response may be dominant. Healthy alfalfa roots store significant quantities of formononetin and medicarpin conjugates (Tiller et al., 1994) . Consistent with that fact, the major isoflavonoid compounds detected in both mycorrhizal and nonmycorrhizal alfalfa roots were formononetin, various formononetin conjugates, and a medicarpin glycoside (Figs. 3-5 ). Formononetin aglycone levels were consistently higher in the inoculated roots, and the increase was already obvious 15 d after germination (Volpin et al., 1994) . Timing of the increase was associated with the induction of CHI mRNA (Fig. 2b) . As the CHI mRNA levels decreased to those of the control roots, the formononetin level remained high (Fig.  5a ), but by d 24 levels of formononetin conjugates were significantly lower in the mycorrhizal roots than in the control roots (Fig. 5b) . We suggest that induction of PAL and CHI causes the production of formononetin, which accumulates, whereas the formononetin conjugate levels are not affected. At later stages, when PAL and CHI activities are suppressed, formononetin continues to accumulate, perhaps as a result of metabolic turnover of the formononetin conjugates.
In chickpea cell-suspension cultures treated concomitantly with an elicitor and a PAL inhibitor, a metabolic linkage between isoflavone conjugate turnover and pterocarpan biosynthesis was evident (Mackenbrock and Barz, 1991) . At the time of rapid pterocarpan formation, no quantitative change in the formononetin conjugate formononetin-7-0-(6"-O-malonylglycoside) was observed. However, when PAL was inhibited, the formononetin moiety of the conjugate was used for pterocarpan biosynthesis. Consumption of the isoflavone moiety for pterocarpan biosynthesis depended on the simultaneous effects of elicitation and the inhibition of PAL (Mackenbrock and Barz, 1991) . In our system no elevation in medicarpin production was noted despite the increase in formononetin levels. This corresponds with the observation that steady-state IFR mRNA levels were not induced by the VA fungus.
Formononetin precursors (2',4,4'-trihydroxychalcone, 4',7-dihydroxyflavanone, and daidzein) and medicarpin precursors (2'-hydroxyformononetin and vestitone) were a11 below detectable levels. However, in well-colonized roots, 20 to 35 d after germination, the concentrations of two other isoflavonoids, genistein and biochanin A, were both elevated. This response may be specific to the G. intraradices-M. sativa interaction. Harrison and Dixon (1993) reported elevated amounts of medicarpin, medicarpin-malonylglucoside, daidzein, coumestrol, formononetin, formononetin-malonylglucoside, and 4',7-dihydroxyflavone in roots of M. truncatula 7 to 40 d after Glomus inoculation, but HPLC profiles of the uninoculated roots were also very different from the alfalfa used in our system. It is interesting that two of the compounds that increased in our mycorrhizal alfalfa roots inoculated with G.
intraradices, namely formononetin and biochanin A, both promote colonization of white clover by this fungus (Siqueira et al., 1991) .
Results in this study and the similarity of the responses observed in the alfalfa-G. intraradices interaction to those reported for the simultaneous addition of a PAL inhibitor and an elicitor to chickpea cell suspensions (Mackenbrock and Barz, 1991) support our previous conclusion that G.
intraradices elicits a plant defense response in alfalfa roots, but the fungus, while colonizing the root tissue, suppresses this response. Data presented here suggest that the phenomenon is regulated on the transcription level.
